The mitochondrial theory of aging attributes much of the aging process to mitochondrial 33 DNA damage. The PolGA D257A/D257A (PolG) mutant mouse was created to explore the 34 mitochondrial theory of aging and carries a mutated proofreading region of polymerase 35 gamma, which exclusively transcribes the mitochondrial genome. As a result, PolG mice 36 accumulate mitochondrial DNA (mtDNA) mutations which leads to premature aging 37 including hair loss, weight loss, kyphosis, increased rates of apoptosis, organ damage, 38 and eventually, an early death at around 12 months. Exercise has been reported to 39 decrease skeletal muscle mtDNA mutations and normalize protein levels in PolG mice. 40 However, brain mtDNA changes with exercise in PolG mice have not been explored. 41 We found no effects of exercise on mtDNA mutations or copy number in brain or liver in 42 PolG mice, despite effects on body mass. Our results suggest that mitochondrial 43 mutations play little role in exercise-brain interactions in the PolG model of accelerated 44 aging. In addition to evaluating the effect of exercise on mtDNA outcomes, we also 45 implemented novel methods for mtDNA extraction and measuring mtDNA mutations to 46 improve efficiency and accuracy. 47 48 49 3 50
relevant measure for mitochondrial health. One study reported a decreased mtDNA 74 mutation load with short-term forced treadmill exercise in skeletal muscle; although later 75 studies were unable to duplicate this finding (4, 12) . A recent study using voluntary 76 wheel running also found a decrease in mtDNA mutation load in skeletal muscle in the 77 PolG mouse model, but they were unable to duplicate findings of an increased mtDNA 78 copy number with exercise (11). However, no studies have explored brain mtDNA 79 mutations or mtDNA copy number in PolG mice in response to exercise. Therefore, the 80 primary aim of this study was to evaluate the impact of voluntary wheel running exercise 81 on mitochondrial copy number and mutation measures in the brain, (and liver for 82 comparison) in the PolG mouse model of accelerated aging. We hypothesized that 83 exercise would ameliorate the mitochondrial abnormalities in the brain and liver as has 84 been suggested for other tissues with varying results and reliability. 85 86 In addition to evaluating the effect of exercise on mtDNA outcomes, another goal of the 87 study was to evaluate a few different novel methods for measuring mtDNA mutations 88 and copy number to improve efficiency and accuracy of measurements. Previous 89 mtDNA research has relied on costly and time-consuming methods to purify mtDNA to 90 avoid nuclear copies of mtDNA contamination (NUMT) before quantifying numbers of 91 mutations (Ibarguchi 2006; Quispe-Tintaya et al. 2013). Concerns have been raised that 92 NUMTs may affect mtDNA mutation data and that bioinformatics software is not able to 93 accurately distinguish NUMTs from mtDNA (Ibarguchi 2006) . To evaluate this concern, 94 we measured mutations in both total genomic extract (unpurified) and purified mtDNA 95 from the same tissue to evaluate what effect purification had on the mtDNA mutation data. In addition, next-generation sequencing has been reported as an accurate method 97 to determine relative mtDNA copy number (15, 16) . We used next-generation 98 sequencing of total genomic extract to validate our qPCR measurements of mtDNA 99 copy number. Finally, we implemented a novel, cost-effective mtDNA purification 100 method that can be used to reduce sequencing costs and increase mtDNA coverage. The remaining homogenate was extracted using a QiaPrep Mini kit TM to purify mtDNA. 142 For brain tissue, the manufacturer's directions were followed with the exception of 143 adding 500ul of 10% SDS (w/w) to the homogenate at 60°C for 20 minutes before the 144 addition of P2 buffer (Qiagen). This allowed the brain tissue to better solubilize with the 145 Qiagen buffers. The extracted DNA was then cut with restriction enzyme, NspI (NEB), 146 segmenting the 16kb mtDNA genome into 3 approximately equal fragments. Gel bands 147 were extracted using the Zymoclean Large Fragment DNA Recovery (Zymo). This 148 process further purifies the mtDNA. The purified mtDNA was submitted for sequencing 149 to determine mtDNA mutation rate and load. determine mtDNA copy number. qPCR reactions were performed in triplicates with 156 primers (IDT) mB2MR1: 5' CAG TCT CAG TGG GGG TGA AT 3', mB2MF1: 5'ATG 157 GGA AGC CGA ACA TAC TG 3', mMitoR1: 5' CCA GCT ATC ACC AAG CTC GT 3', 158 mMitoF1:5' CTA GAA ACC CCG AAA CCA AA 3' (19). These primers are mitochondrial 159 genome-specific and therefore less likely to overestimate mtDNA copy number due to 160 NUMTS in the nuclear genome. The qPCR temperature cycle was as follows: 1. 50°C 161 for 2:00, 2. 95°C for 2:00, 3. 95°C for 0:15, 4. 60°C for 1:00, 5. Repeat 3-4 39x. 162 Efficiencies of primers were found using the slope of the Cq vs. log(DNA concentration) 163 line of four quintuplicate ten-fold dilutions. Efficiency = -1+10 (-1/slope) . For both primers, Adapters were trimmed using Trimmomatic and aligned using bwa with the GenCode 178 mm10 mtDNA reference. Mutect2 and FilterMutectCalls (GATK 4.0) were used to call 179 mutations in tumor-only mode using haploid settings, unlimited maximum events per 180 region, max reads per alignment start at 5, and all other settings at default. Since 181 mtDNA is circular, the alignment was performed a second time with the first 8000 182 basepairs of the reference cut and added to the end of the reference. Basepairs 1 183 through 500 and 15,800-16,299 were patched from the second alignment. Two ways of 184 analyzing the mtDNA mutations were performed. Mutation rate is defined as the 185 fraction of basepair positions in the mtDNA genome that had a mutation called (Number 186 of basepair positions with a mutation called/16299bp). Mutation load is defined as the total number of mutations over the total number of basepairs sequenced (Number of 188 mutations/total number of bases sequenced). Germline and somatic mutations were 189 also separated. Mutations that were shared between the brain and liver tissue were 190 classified as germline (20) . (This is the reason that mutation rate is the same data for 191 brain and liver [ Fig 3B] ). with tissue (liver or brain) entered as the within-subjects factor and group (exercised 208 versus sedentary) as the between-subjects factor. MtDNA copy number was also 209 compared across all subjects using group (young wildtype, old wildtype, or PolG collapsed across sedentary and exercised) as the between-subjects factor. Within PolG 211 mice, mtDNA measures in liver and brain were separately correlated with spleen mass 212 (health indicator) and age. In addition, a linear model was constructed predicting spleen 213 mass with covariates age, copy number or mutation rate/load, to determine any impact 214 of mtDNA measures on spleen mass after correcting for the age-spleen mass relation. 215 Finally, within PolG runners, mtDNA measures were correlated with total distance run 216 on running wheels, and distance run in the last month of running. ANOVAs were 217 followed by Least Significant Difference (LSD) tests, to evaluate post-hoc pair-wise 218 differences between means. Consistency in estimates of copy number from qPCR and 219 sequencing were assessed using Pearson's correlation. The one-way ANOVA revealed a significant effect of group (F 4,51 =4.4, P=0.004; Fig 1B) . 248 PolG mice (both exercised and sedentary) and old wildtype mice displayed an enlarged 249 spleen compared to homozygous negative mice and young wildtype (all P<0.04). No 250 other differences were detected. Within the PolG mice, spleen mass was positively 251 correlated with age (F 1,29 =14.0, P< 0.0008), and was not affected by running. 3.4 mtDNA copy number. 261 Using copy number estimated from qPCR, and considering PolG mice only, no 262 difference in copy number was detected between sedentary and exercised animals. 263 Moreover, no correlation was detected between cumulative distance traveled (or 264 distance traveled the last month) and mtDNA copy number. Hence PolG sedentary and 265 runners were combined. In an analysis considering young wildtype, old wildtype, and 266 PolG collapsed across sedentary and exercised, copy number was significantly greater 267 in liver than brain (F 1,42 =33.9, P<0.0002; Fig 2A) , and there was an effect of group 268 (F 2,45 =4.2, P=0.02; Fig 2A) , but no interaction between group and tissue type. Post-hoc 269 tests indicated PolG mice had greater copy number than old WT (P=0.01). Taken 270 together, results demonstrate PolG mice do not show premature aging mtDNA copy 271 number phenotype in the brain or liver. Copy number from sequencing and copy 272 number from qPCR were strongly correlated (r=0.94, P<0.0003; Fig 2B) , suggesting 273 the sequencing method works as well as the qPCR standard. brain and liver from young WT (n=6 for brain and n=7 for liver), old WT (n=6 for both liver and brain), exercised PolG (n=18 for both liver and brain), and sedentary PolG 280 mice (n=16 for liver and brain).  P < 0.01 for comparison of old WT to PolG within brain 281 and liver, and ***P < 0.001 for comparison between brain and liver; all error bars show ± 282 SEM. B. Correlation of copy number calculated from sequencing vs. copy number 283 calculated from qPCR. 284 285 3.5 Mutation load and rate in PolG mice. 286 The total mutation load and rate were approximately 19% and 65% greater in liver 287 samples than brain, respectively, collapsed across exercised and sedentary ( Fig 3A, 288 B). This was indicated by a significant main effect of tissue type for load (F 1,13 =10.1, 289 P=0.007) and rate (F 1,13 =166.2, P<0.0001). No effect of running or interaction between 290 running and tissue type was detected. Moreover, within PolG runners, no correlation 291 was observed between cumulative distance traveled (or distance traveled in the last 292 month) and mutation load or rate. In addition, the age covariate was not significant. 293 Germline mutations accounted for approximately 55% of brain mutation rate and 33% of 294 liver mutation rate, while they accounted for 85% of brain mutation load and 71% of liver 295 mutation load. For the somatic mutation rate and load, a two-way ANOVA showed a 296 significant effect of tissue (rate, F 1,13 =164.3, P<0.0001; load F 1,13 =16.3, P<0.001), but 297 no effect of running or interaction between running and tissue. For reference, one young 298 wild type (3 months), one old wild type (25 months), and one PolG homozygous 299 negative (HN) brain were sequenced (Fig 4) . While wild type animals showed a 300 significantly lower mutation rate and load compared to the germline and total mutations 301 of PolG animals, the homozygous negative animal showed a total mtDNA mutation load and rate very similar to the germline mutation load and rate in the PolG homozygous 303 positive animals (Fig 4) . 3.6 Spleen mass correlations. 316 Within PolG mice (exercised and sedentary combined, spleen mass was significantly 317 correlated with liver copy number (r=0.42, P=0.02; Table 1 ) but not brain copy number. 318 Copy number in liver and brain samples of PolG mice were not significantly correlated 319 with age. Liver mutation rate and load were significantly correlated with spleen mass 320 (rate, r=0.65, P=0.007, load, r=0.50, P=0.05; Table 1 ). Brain mutation rate was also 321 significantly correlated with spleen mass (r=0.58, P=0.02; 4 Discussion. 343 The main finding of this study is that voluntary running wheel exercise has no impact on 344 mtDNA copy number, mutation rate, or mutation load in the brain or liver in the PolG 345 mouse model of premature aging. The implications of our negative findings are 346 important. They suggest that the effects of exercise in delaying cognitive aging are 347 probably unrelated to changes in mitochondrial mutations or copy number in the brain 348 and more likely mediated by a different brain mechanism influenced by exercise, such 349 as protein regulation (11), or adult hippocampal neurogenesis (23). To the best of our 350 knowledge, this is the first time mtDNA mutation and copy number measures have been 351 reported for brain tissue in the PolG model. We expected exercise would ameliorate the 352 mutant mitochondrial phenotypes in the brain as it has been reported to do so in other 353 tissues such as liver and muscle (4,11). However, our results for the brain and liver are 354 consistent with other PolG studies which have found no effect of forced treadmill 355 exercise on mtDNA mutation load in muscle or oocytes (9,12 at very similar levels in that study as in ours (11). It is also unlikely that null findings 372 were due to a lack of robust methods, as we employed next-generation sequencing on 373 purified mtDNA samples to achieve a high level (over 500x) of coverage to find mtDNA 374 mutations, which were later further separated into germine and somatic. We also 375 verified our qPCR measurements using next-generation sequencing. These data also add to the current understanding of PolG mice in particular. Previous 396 studies found that mtDNA copy number decreases with age (5,30). Our results showed 397 slightly decreased mtDNA copy number with age, though it was not statistically 398 significant. Previous studies reported decreased mtDNA copy number in PolG mice as 399 an indicator of premature aging when compared to HN littermates in heart, liver, and 400 skeletal muscle (4,11). While we found no difference in mtDNA copy number between 401 PolG mice and young wild type mice, it is important to note that our wild type mice were 402 not from the PolG strain. Therefore, in the aspect of mtDNA copy number, PolG mice do 403 not appear to show premature aging when compared to wild type animals from outside 404 of the PolG strain. This finding indicates that a reduction in mtDNA copy number in liver 405 or brain is not necessary to display an aged phenotype. 408 Though we extensively analyzed mtDNA mutations by measuring both mutation rate, 409 which reflects de novo mutations, and mutation load, which reflects the spread of 410 mutations, we did not find exercise impacted either of these mtDNA mutation measures 411 in PolG mice. We also further analyzed mtDNA mutations by separating somatic and 412 germline mutations. Including both mutation rate and mutation load and the separation 413 of germline and somatic mtDNA mutations adds to the understanding of how mtDNA 414 mutations might affect health. Mutation rate was more strongly correlated with spleen 415 mass than load. Spleen mass has been shown to be a good indicator of aging and its 416 associated pathologies, where larger spleens are associated with infections, vascular 417 alterations, autoimmune disorders, hematologic malignancies and metabolic syndromes 418 (31). Therefore, mutation rate may be a better indicator of health in aging than mutation 419 load. This may explain why HN animals have a normal phenotype with a high mtDNA 420 mutation load and low mutation rate. This result also suggests that there may be 421 selection in the way mtDNA mutations spread in an organism. One explanation for 422 these data is that silent or neutral mutations spread throughout the body more easily 423 than harmful mutations, as harmful mutations would cause more immediate apoptosis 424 preventing their spread. Hence, PolG animals with their deficiency in preventing de 425 novo somatic mutations are harmed more than HN animals who merely inherited the 426 germline mutations that survived selection but did not produce any de novo mutations of 427 their own. 428 As seen in previous studies, liver showed both a greater mtDNA copy number and 430 greater mutations in both measures than brain (2,19). The increase in mtDNA mutations 431 in liver tissue may be due to a greater cell turnover rate in liver than brain since more 432 replication of mtDNA generates more opportunity for mutation (32, 33) . This is 433 supported by findings that show a further increase in the duodenum, a tissue with an 434 even greater turnover rate than liver (3,32,34) Previous mtDNA studies have emphasized the importance of purifying mtDNA to avoid 448 NUMT contamination (13,14). There has been a concern that similar sequences in the 449 mtDNA genome and the nuclear genome will affect the mtDNA mutation data. However, 450 our results showed no significant difference in mutation rate or load from purified 451 mtDNA and unpurified genomic extract. This is an important contribution because total genomic extractions are cheaper and more efficiently generated. If the total genomic 453 extract is submitted for sequencing, these data can also be used to find mtDNA copy 454 number. This allows mtDNA copy number and mtDNA mutation data to be collected in 455 one step. Though mtDNA purification does not appear to affect mtDNA mutation data, 456 our novel method is still helpful for achieving more mtDNA coverage per given use of a 457 sequencing lane and may be more cost effective for investigators sequencing large 458 numbers of subjects. 459 460 5 Conclusions. 461 We find that exercise has no impact on mtDNA mutation rate, mutation load, or copy 462 number in liver and brain tissue, despite rigorous methodology. Our result implies that 463 anti-aging benefits from exercise may come from a mechanism other than an mtDNA 464 mutation decrease. 
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